Abstract. Materials, promising for production of luminescent solar energy concentrators were considered. It is known that the silicon oxide matrix is transparent within the spectral range where Sun emits light. Up to date, the low-temperature sol-gel method for synthesizing SiO 2 coatings with the simultaneous doping of the material with quantum dots (QDs) is developed. The transmission spectrum of borosilicate glasses (BK7) is narrower than that of SiO 2 . Typically, the doping of BK7 with the quantum dots of the group A II B VI is carried out using the method of condensation at high temperatures, which results in a low value of the quantum yield of luminescence. Minimal losses of luminescent quanta through the leakage cone will be in the matrix of glass LASF35 022291.541, which refractive index is 2.022. In the research of the properties of photoconductors with a luminescent concentrator, the matrix is most often made of polymethylmethacrylate (PMMA). Its doping with QDs and dyes is well developed. The quantum yield of luminescence of luminophores when doping PMMA with dyes and QDs is close to unity. The magnitude of losses of luminescent quanta in matrices of glass, PMMA and silica has been estimated. Dependence of these losses in the wave range, which should be taken into account in the study of stacked fluorescent concentrators, has been analyzed.
Introduction
Generally, photoconverter with a fluorescent concentrator (FC) is transparent for a sunlight plate doped by a luminophore and combined with solar cells attached to its ends. The luminophores absorb light in a wide spectral range of sunlight quanta and emit luminescent quanta in a narrow spectral band. The luminophores emit quanta in a random direction. Typically, the refractive index of the plate exceeds the refractive index of the surrounding medium. Therefore, most of the quanta are transported to the ends of the plate due to full internal reflection and enter into the solar cell (SC), in which the energy of the luminescent quanta is converted into the electrical one. The rest of luminescent quanta leaves the plate and is lost. Since the area of end faces is much smaller than the area of the top face of the FC plate and the cost of this plate is low, it is expected that the photoconductors with FC will generate less expensive electricity [1, 2] .
Photoconductors with a luminescent concentrator attract researchers by the fact that they are capable of converting into electrical energy not only the energy of direct incident light quanta but also the energy of the scattered light quanta [3] . It means that FCs do not need tracking systems for Sun's position. The large volume of the concentrator allows one to efficiently distribute the heat related with the relaxation losses. As a result, the solar cells will work at adequate temperature without using any cooling systems. An additional advantage of FCs is the possibility of their placement on the facades and roofs of buildings, which allows consuming the electricity produced by FC, simultaneously avoiding the solution of various technical problems when dealing with integration of photovoltaic systems into electrical networks [4] .
The properties of material for luminescent concentrators define the efficiency of conversion of solar energy to electricity. To achieve maximum efficiency, the plate of the luminescent concentrator should have the following characteristics [5] [6] [7] [8] [9] : 81 1) High transparency for sunlight in AM1 and AM1.5 conditions. Ideally, 100% optical transparency.
2) Almost ideal transparency in the emission spectrum of the fluorescence material.
3) Low scattering, especially in the spectral region of the highest response of the solar cell. 4) High refractive index. 5) High chemical resistance, perfect chemical inertia.
6) The ability to undergo plastic deformation without damage. 7) Great mechanical strength: the plate of the luminescent concentrator should not be deformed under its own weight. 8) Excellent weather resistance (fluctuations in temperature, wind, oxidation). Ideally for 20-30 years.
9) High photostability and durability for reaching the service life of more than 20-30 years.
10) Low cost required to minimize the cost of electricity.
11) Low density, preferably < 1 g/cm 3 , so that the weight of the 100×100×1 cm plate should be < 10 kg.
12) Zero toxicity.
13) The material of the matrix should be able to be doped with an appropriate luminophore while maintaining the quantum yield of luminescence close to unity.
For doping the matrix, three types of luminophores [7] [8] [9] are used: rare earth atoms and complexes, dyes, quantum dots (QDs). Of these, only QDs are capable to convert the energy of light quanta located in a wide spectral range into luminescence quanta in a narrow luminescent band. Usually, a quantum dot is a structure that consists of a core surrounded by one or more inorganic shells and one organic shell. Actually, in the core energy of wide spectral region quanta is transformed into a narrow luminescent band. Inorganic shells serve for passivation of dangling bonds on the surface of the core, providing a high quantum yield of QD luminescence. The organic shell prevents agglomeration of QDs, allowing to get the maximum possible concentration of QDs in the matrix. The need to preserve the organic shell means that the maximum temperature of the technological process of making a plate of doped QDs should not exceed the temperature of organic shell destruction.
Matrix material
The material of the matrix should be transparent for AM1.5 sunlight (Fig. 1, curve 4) , which spectrum is within the range 0.25…2.5 µm [5, 10] . In principle, any material with a low absorption coefficient, which is transparent to AM1.5 light, can serve as a matrix [10] . Such materials may include inorganic materials (silica or glass of various types) and organic materials (various types of plastics). From the economic viewpoint, it is preferable to use silica glass of BK7 type, polymethylmethacrylate (PMMA).
Silica
According to [5] [6] [7] [8] [9] [13] [14] [15] , fused silica transparent for AM1.5 sunlight (Fig. 1, curve 2) has a low content of inclusions, high uniformity of the refractive index, low absorption coefficient in the 0.35…2.5 µm spectral region (Fig. 1, curve 2) . The refractive index in the entire spectral region is close to 1.5 (Fig. 2, curve 2) .
Quantum dots can be injected into silica by using implantation of various atoms with subsequent annealing. For example, the authors of [20] reported formation of ZnO quantum dots in silica by using implantation of Zn and F ions with further annealing. Optical absorption and photoluminescence spectra measurements, electron microscopy and X-ray diffraction studies indicate that ZnO QDs are formed after annealing in air or in vacuum at temperatures above 500 °C. Atomic force microscopy researches show a relatively smooth surface of annealed specimens, indicating that only Zn atoms are evaporated from the surface. Formation of ZnO QDs during thermal annealing can be explained by the direct oxidation of Zn nanoparticles by substrate oxygen molecules formed during implantation of F ions. The quality of ZnO QDs increases with increasing the annealing temperature.
The sol-gel method for the synthesis of CdS, CdSe, and CdTe QDs coated with an organic shell in the silicon matrix [21] has already been developed. This method allows obtaining monolithic silica with InP/ZnS (InPnucleus, ZnS -shell) quantum dots [22] . The quantum yield of InP/ZnS quantum dots luminescence reached 21.7%. With continuous excitation by using 400-nm light, the intensity of InP/ZnS QDs photoluminescence after 180 minutes was more than 90% of the initial value.
Borosilicate glass (BK7)
BK7 glass is one of the most common borosilicate glasses used for visible and near-infrared optics. Its high homogeneity, low content of bubbles and inclusions, the simplicity of manufacturing technology makes it suitable for preparation of FC matrix. BK7 demonstrates good scratch resistance. The transparency range for BK7 is 0.38…2.1 µm (Fig. 1, curve 3 ) [23] . The refractive index in the visible and near-infrared region is close to 1.5 ( Fig. 2, curve 3) .
To synthesize CdS QDs [21] , CdS and elemental sulfur with amount approximately equal to one weight percent were added into a glass charge (SiO 2 ≈ 63…70%, B 2 O 3 ≈ 3…10%, ZnO ≈ 10…15%, K 2 O ≈ 10…15%, Na 2 O ≈ 10…15%). This glass was melted at the temperatures 1200…1400 °C. At these temperatures, Cd and S are in the atomic-molecular dispersion state, which is sustained during rapid cooling of the melt to room temperature. The resulting solid solution of the semiconductor in the glass matrix is in a supersaturated state. Glass heating at 540 °C is accompanied by a diffuse decomposition of a supersaturated solid solution with fluctuation formation of the semiconductor phase nuclei and a decrease in the degree of saturation. With the subsequent increase in the time of glass heating, the stage of condensation begins, when the increase in the size of nanocrystals occurs as a result of dissolution of small nanocrystals. The inclusion of QDs into inorganic glasses allows combining the unique properties of QDs with good chemical, mechanical and thermal properties of these glasses. The inert nature of the glass matrix ensures photochemical stability and heat resistance of embedded QDs. However, the main problem of glasses containing A II B VI group QDs is that defects on the interface between QDs and glass matrices quench exciton radiation. It is difficult to achieve a large quantum yield of luminescence with this technology of nanocrystal synthesis, since it is impossible to form inorganic and organic shells around nanocrystals.
Organic plastics
The majority of researches devoted to the study of the photoconductors with the luminescent concentrator properties is performed using the plates made of organic materials. In particular, the following types of polymers are promising for the FC matrix [24] : fluoropolymers (FP), ethylene backbone polymers (EBP), polyimides (PI). Their specifications are given in Table 1 [24] .
The properties of the following plastics [25] : polymethylmethacrylate (PMMA), polyvinyl chloride (PVC), polyethylene terephthalate (PET) and polycarbonate (PC) were most often considered. Their transmission spectra are shown in Fig. 3 [25] . The data presented in Table 1 and Fig. 3 show that the transmission of these materials in the visible range differs little. Some differences in the transmission spectra are observed only in the ultraviolet and near-infrared spectral regions.
For the vast majority of plastics, the refractive index in the visible region of the spectrum is close to 1.5 (Table 1) .
From all optically transparent plastics [26, 27] , researchers prefer polymethylmethacrylate or PMMA [12, 17] , since this material has better optical properties than any other organic polymer. PMMA is chemically stable, light and more transparent than glass (in the visible spectrum). Unfortunately, the PMMA transparency region is considerably narrower than the transparency region of silica and glass BK7. The degradation of the PMMA optical properties after 17 years of exposure to sunlight in the desert was insignificant [6] .
PMMA is relatively inexpensive and synthesized easily. However, caution is required when manufacturing PMMA concentrators, since their optical properties depend heavily on production technology (for example, injection molding, and compression). The study of the matrix manufacturing process [6] showed that the pouring of PMMA into a glass container and its drying to form a solid film is not optimal, since the solvent does not evaporate completely, inhomogeneities and dissipation losses arise in the PMMA plate. The quantum yield of luminescence is close to unity for dyes injected into PMMA [8] and reaches 88.5% for In(Zn)P/ZnS quantum dots [29] . For CdSe-ZnS/CdS/ZnS QDs, the quantum yield is close 100% (the quantum luminescence output already reaches 97%) [30] .
Influence of the matrix material on the luminescent quanta losses through the leakage cone
Of all types of luminophores, the most promising are QDs [8] . When QDs matrix is irradiated with sunlight, quantum dots absorb light quanta of the corresponding spectral interval and emit luminescent quanta in an arbitrary direction (Fig. 4) . Usually, the matrix is surrounded by air. According to the Snell law, the reflection of light quanta from the boundary between the two media is described by the equation
where n m and n air are the refractive index of the matrix and air, θ in and θ ref are the angle of incidence and that of light beam refraction, respectively. When the angle of incidence increases, the refractive angle increases, and at a critical value of the angle of incidence θ in = θ c , the refracted beam propagates along the surface of the matrix (Fig. 4) 
where λ emit is the wavelength of luminescent quanta. It means that all the luminescence quanta that fall onto the surface of matrix-air section at the angles θ in < θ c leave the matrix. In most of materials suitable for production of the FC matrix, the refractive index is higher than 1.3 (see Fig. 2 and Table 2 ). The effect of refractive index on the magnitude of the critical angle is shown in Fig. 5 . It is evident that, with n m increasing, the critical angle decreases and, therefore, reduction of luminescent quanta losses is expected.
If, however, the luminescent quanta fall onto the matrix-air boundary at the angles θ in > θ c , due to total internal reflection, they have transported to the end faces of the matrix and proceed into the solar cells. In order to maximize the efficiency of photoconverters with luminescent concentrators, it is necessary to choose a matrix material with a maximum refractive index. In this case, θ c will be minimal and, hence, the losses of quanta as a result of leakage through the cone will be minimal.
The fraction P of luminescent quanta leaving the matrix is determined by the ratio of the solid angle of the cone of leakage Luminescent quanta LQs can be emitted in an arbitrary direction. When they fall to the matrix-space separation at the angles θ < θ c , they leave the matrix (θ c is the critical angle to which the refracted beam propagates along the matrix surface, Ω cone is the solid angle of the cone of leakage). When luminescent quanta fall onto the matrix-air boundary (n m and n air are the refractive index of the matrix and air, respectively) at the angles θ > θ c , they are transported to the side face plate of the matrix through the full internal reflection and quanta fall to the entrance surface of the solar cell, where their energy is converted into electrical energy. Therefore, following [6, 31] ( ) ( )
Since the luminescent quanta flows through the input and rear surfaces of the matrix plate, then P in the equation (3) should be multiplied by two. Hence, the fraction of the photons lost through the cones of leakage is described by the equation
Substituting θ c values into the equation (4), we get that the fraction of lost photons is:
Substituting the value of the refractive index in (5), the fraction P − 1 of luminescent quanta (Fig. 6 ) captured in the matrix can be found. As expected, the fraction of photons captured in the matrix increases with the increase in the refractive index.
Following the given data, one can give the following recommendations for choosing the type of matrix for FC.
1) Only the matrix of silica is transparent for the entire range of AM1.5 and AM0 sunlight. It is necessary to improve technology of low-temperature synthesis of silica doped with quantum dots for their use. However, a relatively low refractive index value (n m = 1.4584) for silica matrices should be taken into account. As a result, the critical angle θ c of this material is large (Fig. 5) , which leads to relatively large losses (the magnitude of losses reaches 27%, see Fig. 8 ) of luminescent quanta through the cone of leakage.
2) Glass matrices are transparent for the main part of the solar spectrum. It is necessary to improve technology of injection for quantum dots with a high quantum yield of luminescence into the glass to use it.
The refractive index of the most common glass BK7 n m = 1.4584, which defines the relatively large value θ c = 41°. So, the losses of luminescent quanta through the 6 . Probability of capture of luminescent quanta in the matrix due to total internal reflection. The line -calculation by using the formula (5), points -calculation by simulating tracing of rays [6, 31] . cone is significant (P = 24.8%) for this case. It is possible to significantly reduce these losses by using LASF35 022291.541 glass with n m = 2.022. For this glass, respectively, θ c = 29.64° and the fraction of the luminescence quanta captured in the matrix can reach 86.9%. However, we do not know about the use of this type of glass for production of the FC matrix.
3) PMMA matrices are widely used for the study of FC properties. The transmission spectrum for this matrix is limited by a range of approximately 400…1000 nm. The refractive index of this material n m = 1.49 defines a relatively large value of the critical angle θ c = 42° and losses of luminescent quanta through the escape cone of 25.9%. 4) To reduce the relaxation losses, FCs are put into the stack. The dispersion of the refractive index leads to a change in the losses of luminescent quanta through the cone. The dependences of the critical angle and losses of luminescent quanta through the escape cone are presented in Figs. 7 and 8. These parameters should be taken into account when analyzing the properties of FC in the stack.
Conclusions
The most complete use of solar energy in luminescent photoconverters is possible for the matrix of silicon oxide. Creation of this matrix requires the use of such methods as a low-temperature synthesis of SiO 2 with simultaneous doping with quantum dots possessing high luminescence quantum yield.
The use of PMMA matrices doped with QDs is reasonable for developing the methods of light quanta losses reduction and optimization of the design of luminescent concentrators.
The use of a glass with high refractive index (for example, LASF35 022291.541 with n m = 2.022) gives the lowest critical angle and the minimal losses of luminescent quanta through the escape cone. 
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